To improve the practical capacity of the continuous flow intersections (CFI) and eliminate the conflict between left-turn bicycles and through vehicles at the mainsignal, an optimization design method for left-turn bicycles was proposed. From the perspective of the geometric design, the pre-stop line for through vehicles and the crossing passage for left-turn bicycles were set at the pre-signal points of the CFI. From the perspective of signal control, the control of the through vehicles at pre-signal was added in the proposed method. A linear programming model was established to achieve the maximum vehicular practical capacity. The optimization effectiveness and applicability for this design were validated by a case study and sensitivity analyses. The results show that this method can effectively avoid the conflict between left-turn bicycles and through vehicles at main-signal and enhance the practical capacity at continuous flow intersections.
Introduction
The intersection is the bottleneck node of the urban road network. The conflict between left-turn and through vehicles is the key factor that causes the increase of vehicle delay, and the decrease of the road capacity and traffic safety (Mirheli, Hajibabai, and Hajbabaie 2018; Bagloee and Asadi 2016; Tong et al. 2015) . Methods to deal with these problems have been a concern of traffic engineers for a long time, including providing exclusive left-turn lanes and left-turn waiting areas (Ma et al. 2017; Yang et al. 2013; Zhou and Zhuang 2012; Dong et al. 2016; Yang et al. 2012) in the aspect of road layout, adding left-turn phases in the aspect of signal control (Al-Kaisy and Stewart 2001; Allsop 1971; Webster 1958; Heydecker and Dudgeon 1987; Improta and Cantarella 1984; Silcock 1997) ., and prohibiting conflicting left-turns and setting detour routes in the aspect of road network organization (DePrator, Hitchcock, and Gayah 2017; Zhao, Liu, and Li 2016; Yu and Prevedouros 2013) . With the increase of traffic demand, median U-turn intersections (Liu et al. 2007; El Esawey and Sayed 2011; Mohapatra and Dey 2018; Zhao et al. 2018) , continuous flow intersections (Goldblatt, Mier, and Friedman 1994; Yang and Cheng 2017) , exit lanes for left-turn intersections (Zhao et al. 2013; Wu et al. 2016) , tandem intersections (Xuan, Daganzo, and Cassidy 2011; Yan, Jiang, and Xie 2014) , uninterrupted flow intersections (Liu and Luo 2012; Xie and Turnquist 2011) , special width approach lanes intersections (Zhao, Liu, and Wang 2016) and other series of unconventional intersection design methods have been proposed and applied in many cities all over the world, to further improve the capacity of intersections.
Among these unconventional intersection designs, the continuous flow intersection (CFI) is rapidly becoming prevalent worldwide (Jagannathan and Bared 2005) . At CFI, the pre-signals are set at the upstream of the main-signals and left-turn lanes are moved to the left of the exit lanes. Thus, the conflict between the left-turn vehicles and opposite through vehicles at main-signals is transferred to the upstream pre-signals. In addition, the main-signals can run in two phases at CFI. In the development of the CFI, studies mainly contain three aspects: geometric design, signal control, and operational safety.
From the perspective of the geometric design, Jagannathan (Jagannathan and Bared 2004; Jagannathan and Bared 2005) successively analyzed left-turn traffic and pedestrian at CFI, and then recommended the width of the displaced left-turn lanes and the design of pedestrian crossing based on the characteristics of turning radius of leftturn vehicles at the crossover and main intersection. Hildebrand (2007) recommended the angle between the left-turn lanes and the main through lanes at the crossover, and compared the performances between CFI and conventional design based on service level, area required, traffic simulation, and estimated construction cost. Hughes et al. From the perspective of signal control, considering the complex operational process of the CFI, several special methods were proposed to optimize the signal timing and improve the efficiency of the CFI. Jagannathan and Bared (2004) broke the CFI into a group of hypothetical intersections and used the WINQSB operational research solver to solve an optimization model for the signal timing and offsets. El Esawey and Sayed (2007) divided the phase sequence of the continuous flow intersection into six parts according to its unique queuing and running characteristics. Then, commercial signal timing packages can be used to develop signal timings. Chang, Lu, and Yang (2011) built an estimation model of queuing and delay by simulating a large number of statistical data. With the objective of cycle length minimization, You, Li, and Ma (2013) proposed a model for a full continuous flow intersection (CFI) based on the analysis of the evolution process of vehicle queuing. Suh and Hunter (2014) proposed two optimization approaches for the CFI: a Monte Carlo simulation method to minimize intersection delay and a bandwidth maximization method. Results showed that the delay and the bandwidth approaches have similar performance characteristics. Sun et al. (2015) proposed a simplified continuous flow intersection (called CFI-Lite) design. Instead of newly constructing a sub-intersection, this design used the existing upstream intersection, to allocate left-turn traffic to the left-most lane. Left-turn traffic turns to the DLT lane in advance at the upstream intersection. It can be used at arterials with closely spaced intersections. Zhao et al. (2015) established an integrated optimization model for the geometric layout and signal timing in which many key parameters, such as intersection form, lane function, left-turn lane length and signal timing, were optimized in a unified framework.
From the perspective of traffic safety, it was found that drivers had no confusion when passing the continuous flow intersections at the first time according to the driving simulator experiment conducted by Inman (2009) , which proved that the design of the continuous flow intersection was also helpful to improve the intersection safety. Except for the analysis of motor vehicles, Coates et al. (2014) further proposed a crosswalk geometry and signal timing method to improve pedestrian safety at continuous flow intersections. By considering pedestrian waiting time, existing queue length and selecting green time dynamically, the pedestrian delay was minimized.
After more than 30 years of development, the CFI has been taken into application in 17 American cities since it could enhance the traffic efficiency dramatically. Recently, with the help of local government, the CFI was applicated an intersection in Shenzhen, China. However, the existing research is mainly focused on motor vehicles and the practice is also mainly applied in areas dominated by motor vehicles. In many developing countries, such as China, bicycle is also an important traffic mode. However, the conflict between left-turn bicycles and through vehicles at CFI is neglected. Therefore, under the condition of two-phase control, the operational efficiency of vehicles will be significantly reduced and there are serious safety risks for left-turn bicycles.
Although there are abundant research achievements on geometric design (Tengattini and Bigazzi 2017; Jia, O'Mara, and Guan 2007; Providelo and Sanches 2011; Raihan and Alluri 2017; Goodno et al. 2013) , signal control (Kothuri et al. 2017; Portilla et al. 2016; Thompson et al. 2013 ) and level of service evaluation (Majumdar and Mitra 2018; Foster et al. 2015; Bai et al. 2017 ) of bicycles at conventional intersections, lacking improvement measures to eliminate the conflicts between left-turn bicycles and through vehicles for CFI limits its applicability, especially in developing countries.
In this paper, an optimization design method for left-turn bicycles at CFI was proposed to eliminate the conflict between left-turn bicycles and through vehicles at the main-signals, including the aspects of geometric design and signal control. By this way, the capacity of vehicles at CFI will be enhanced accordingly. The rest of this paper is organized as follows. The potential conflicts of conventional CFI design and the countermeasures geometric design are introduced in Section 2. Section 3 presents the linear-program optimization model for the signal control. A case study is used to validate the optimization effectiveness for this design in Section 4. Section 5 performs sensitivity analyses to identify its best application domain. Conclusions and recommendations are given at the end of the paper.
Geometric design

Potential conflict analysis
Conventional geometric design of the continuous flow intersection is shown in Figure 1 .
The pre-signal is set at the upstream of the main-signal so that left-turn vehicles can be bicycles need to cross a number of vehicle lanes, it not only causes severe safety risks to the bicycles but also leads to serious interference to the operation of the through vehicles. Therefore, eliminating the conflicts between left-turn bicycles and through vehicles at CFI is one of the key problems in promoting its application. In the following analysis, it is assumed that the left-turn bicycles turn left directly for the conventional design, which is a common rule for left-turn bicycles.
Proposed improved geometric design
As shown in Figure For the sake of fair comparison, in this paper, it is assumed the total widths of the traffic lanes used for vehicles and bicycles before and after the optimization design are equal. The left-turn bicycle lanes, which are highlighted in blue, can be provided by reducing the widths of the bicycle lanes at the roadside.
Please note to ensure the left-turn vehicles and through vehicles can be served in a single green phase, the CFI is usually deployed symmetrically at the two opposing approaches (Xuan, Daganzo, and Cassidy 2011) . Although a two-way CFI design is used as an example to introduce the design idea, the proposed design can be applied in one or multiple legs with CFI. Therefore, no matter it is a two-way CFI (four approaches with CFI) or a one-way CFI (two opposing approaches with CFI), the proposed design can be used.
Signal control model
Grounded on the geometric design in Section 2, an optimal signal timing model is developed to further improve the vehicular capacity.
Notations
To facilitate the model presentation, notations used hereafter are summarized in Table 1 .
They are divided into three categories: parameters (model inputs), decision variables (model outputs), and auxiliary variables. Figure 3 illustrates the layout of key geometric parameters.
Objective function
The proposed model aims to maximize the practical capacity of the CFI (Allsop 1972) , as shown in Eq. (1). Please note that traffic volume of each movement on each leg ( ) is given as outside input. It indicates that the turn proportions would remain constant (Gallivan and Heydecker 1988; Wong 2003a, 2003b; Wong and Heydecker 2011) .
(1)
Constraints
Phase plan
As illustrated in Figure 4 , the main-signal of the CFI is controlled by two phases, including east-west direction and south-north direction, which can be specified in Eq.
(2)-(5). Without loss of generality, the start of green for the east-west direction is set to be 0. The pre-signal is also controlled by two phases including through phase for through and exit movements and left-turn phase for left-turn vehicles and bicycles, which can be specified in Eq. (6)- (8). To coordinate the main-signal and pre-signal, the starting time of green light at the main-signal in the east-west direction is required to be the same as the starting time of the through phase for through and exit movements at the pre-signal on the east and west leg. Along the same line, the main-signal in the eastwest direction is required to be the same as the starting time of the through phase for through and exit movements at the pre-signal on the east and west leg, which can be specified in Eq. (9). There are two reasons why the pre-signal and through green start at the same time (see phases 1 and 3 in Figure 4 ). The first reason is that the through vehicles can enter the approach lanes and pass the intersection by following the vehicles in front as soon as the main-signal turns to green, which can ensure the operational efficiency of the intersection. The second reason is that some left-turn and right-turn vehicles from adjacent approaches will be queueing between the pre-signal and mainsignal because the left-turn vehicles should enter the left-turn lanes before the start of green of the main-signal (see phases 2 and 4 in Figure 4) . Therefore, the green time can be used to clear the queuing vehicles between the pre-signal and main-signal while vehicles are approaching the pre-signal at the exit.
If a one-way CFI (two opposing approaches with CFI) is used, the phase plan of the approaches without the CFI should be replaced by a conventional phase plan. Please note the setting of through phases following left-turn phases is very much a matter of practice, which can provide sufficient time for the left-turn vehicles from the CFI approach to enter the left-turn lanes before the start of green of the main-signal.
(2)
= +2 , ∀ ∈ {1,2} (4)
= ( +1) + ( +1) + , ∀ ∈ {1,3}, = 1 (6) = ( +1) + ( +1) + − 1, ∀ ∈ {2,4}, = 1 (7)
Cycle length
To coordinate the main-signal and pre-signal, the main-signal cycle length of the intersection should be the same as that of the pre-signal and within the reasonable range of maximum and minimum cycle length. Besides, to ensure that the established model is a linear model Wong 2003a, 2003b; Wong and Heydecker 2011) , instead of defining the cycle length directly as the control variable, its reciprocal = 1/ , is adopted, as given by Eq. (10).
Minimum green time
Conventionally, the green time of each vehicular movement should meet the minimum green time requirement at both main-signal and pre-signal, as shown in Eq. (11) and (12), respectively.
Considering the operation characteristics of bicycles, the green time should also meet the requirements of the bicycle crossing time at both main-signal and pre-signal, as shown in Eq. (13) and (14), respectively. As shown in Figure 5 , it should be longer than the sum of the queue clearance time of bicycles waiting in line during the red light and the clearance time of bicycles at the end of green.
The queue clearance time of bicycles waiting in line during the red light can be calculated based on the traffic wave theory (FHWA 2017; Knoop and Daamen 2017; Wierbos et al. 2018; Goñi-Ros et al. 2018) . The bicycle aggregation wave during the red light is the transition from a high-speed and low-density state to a stopping state after the red signal starts, as given by Eq. (15). The bicycle dissipation wave during the green light is the transition from a stopping state to a saturation flow state after the green signal starts, as given by (16). Thus, the queue clearance time of bicycles waiting in line at the main-signal and pre-signal can be calculated using (17) 
, ∀ ∈ ℒ, = 2 (17)
, ∀ ∈ ℒ, = 1
Due to the significant speed difference between bicycles and vehicles, sufficient clearance time should be set to ensure the safety of bicycles, which can be calculated according to the crossing passage width and the speed of bicycles. The bicycle clearance time at the main-signal and pre-signal can be calculated by Eq. (19) and (20), respectively.
≥ , ∀ ∈ ℒ, = 1 (20)
Queue length limitation of left-turn bicycles
To prevent the spillbacks in the displaced left-turn bicycle lane, the queue length of bicycles should be no longer than the length of the left-turn lane, as given by Eq. (21).
Queue length limitation of vehicles
The phase plan used in the paper mainly ensures the proper coordination for the mainsignal and pre-signal. However, a part of the vehicles may be trapped in the approach lanes after passing the pre-signal, or trapped in the exit lanes at the pre-signal after , ∀ ∈ ℒ (24)
Saturation flow rate adjustment
The saturation flow rate at the main-signal and pre-signal can be calculated by Eqs. (25) and (26), respectively. According to the characteristics of this study, pedestrian-bicycle adjustment factor should be considered under the conventional CFI design in calculating the saturation flow rate at the main-signal, which can be determined based on the HCM2010 method (TRB 2010), as shown in Eqs. (27) 
Degree of saturation
The degree of saturation of each traffic movement should be limited by a maximum acceptable value to ensure that the intersection operate reasonably well, so the constraints at the main-signal and pre-signal are shown as Eqs. (31) and (32) respectively.
≤ max , ∀ ∈ ℒ, ∈ {1,2,3}
(31) ≤ max , ∀ ∈ ℒ, ∈ {1,2,4} (32)
Solution
The optimization model presented above is a linear program with the objective function of Equation (1) and constraints (1)- (32), which can be readily handled by any commercial LP solver (e.g. Lingo).
Case study
The study site
To validate the optimization effects for this design, the intersection of Caitian RoadFuhua Road in Shenzhen, China, was selected as a case for comparative analysis. At present, the north and south approaches of this intersection have adopted the design of CFI. The geometric and signal timing design scheme in practice are illustrated in the 
Analysis plan
The optimal design method proposed in this paper was used to optimize the geometry and signal of this CFI, as shown in Figure 7 . The microscopic simulation package Vissim 9 is used and calibrated as the unbiased evaluator to evaluate the performance of the proposed model in comparison with the original design. Since the original signal timing scheme under the original geometric layout may not be optimal under the investigation traffic demand, for fair comparison, the optimal signal timing scheme based on the original layout is added to analyze the performance of the proposed method. Therefore, the following three schemes were conducted for comparison.
Scheme 1-original scheme (original layout + original signal timing), as shown in
Figure6; Scheme 2-optimal design scheme (optimal geometric design + optimal signal timing), as shown in Figure 7 ; Scheme 3-optimal signal timing scheme based on the original layout (original layout + optimal signal timing), as shown in Figure 8 .
Results and Discussions
Taking the throughput and delay as evaluation indicators, the simulation comparison results are shown in Figure 9 . In the case of low traffic demand, the throughputs under the three schemes are the same as the input traffic demand, which indicates that all intersections under these three schemes were unsaturated, as shown in Figure 9 (a). As shown in Figure 9 (b), in the case of high traffic demand, the throughputs of the south and north legs in Scheme 1 and Scheme 3 are lower than the input traffic flow and this mean that the intersections had been oversaturated. However, the intersections in Scheme 2 can keep unsaturated under the high traffic demand condition, which
indicates that the optimal design method proposed in this paper can improve the practical capacity of CFI by reducing the interference of left-turn bicycles on the through vehicles.
Through further delay analysis (see Figure 9 (c) and (d)), it was found that under the conditions of low and high traffic demand, the vehicular delay of Scheme 2 could be reduced by 25.5% and 50.8%, respectively, compared with Scheme 1. In addition, compared with Scheme 3, Scheme 2 could reduce the vehicular delay by 17.4% and 32.0%, respectively.
Compared with bicycle delay, it was found that under the condition of high traffic demand, the optimal design scheme could reduce bicycle delay by 19.9% and 7.8% compared with Scheme1 and Scheme 3, as shown in Figure 9 (f). But under the condition of low traffic demand, the bicycle delay of the optimal design scheme was 1.4s higher than that of Scheme 3, basically maintaining the original level, as shown in Figure 9 (e). Therefore, the optimal design scheme can reduce vehicle delay whether in the case of high traffic demand or low traffic demand. In addition, the interference between left-turn bicycles and through vehicles can be eliminated by changing the passing path of bicycles. The bicycle delay also can be reduced in the case of high traffic demand but it would increase slightly in the case of low traffic demand.
Sensitivity analyses
To further analyze the applicability of the proposed design method, sensitivity analysis Therefore, the advantages of the proposed design are increasingly apparent.
The effect of cycle length is analyzed by Figure 10 (c). It can be seen from the figure that the practical capacity of vehicles increases with longer cycle length at first and then levels off in both two design methods. The practical capacity of proposed design is higher than that of conventional design. The improvement of practical capacity decreases with the increase of cycle length and levels off. This is mainly because the growth rate of green split in each phase gained by the increase of the cycle length generally decreases with the increase of cycle length. Therefore, the longer the cycle length is, the less negative impact the left-turn bicycles have on the vehicle practical capacity, and the smaller the optimization effects of the proposed design method are.
Conclusions
An innovative design for left-turn bicycles at continuous flow intersections (CFI) is presented in this paper to eliminate the conflict between left-turn bicycles and through vehicles at the main-signal and to improve the overall practical capacity of CFI. From the perspective of the geometric design, the pre-stop line for through vehicles and the crossing passage for left-turn bicycles were set at the pre-signal points of the CFI. From the perspective of signal control, the control of the through vehicles at pre-signal was
added. An optimization model was established to achieve the maximum practical capacity of vehicles with the consideration of many constraints, such as phase plan, cycle length, green time, and degree of saturation. The effectiveness and applicability for this design were validated by a case study and sensitivity analyses. The following conclusions can be drawn:
(1) The optimal design method proposed in this paper optimized the passing path of left-turn bicycles and signal control of the CFI. The general mechanism in improving the practical capacity of vehicles is the elimination of the conflict between left-turn bicycles and through vehicles at the main signal.
(2) As for vehicles, this optimal design scheme can improve the practical capacity. Moreover, it can reduce the vehicular delay in the case of both high and low traffic demand, which indicates that the applicability of the proposed design method is wide enough. The improvements of practical capacity increase with the increase of the left-turn bicycles volume and through vehicle percentage, while decrease with longer cycle length. On average, a 5% increase and 3.5% increase in the improvement of practical capacity can be obtained for every 100 left-turn bicycles per hour increase and for every 10% through vehicle percentage increase, respectively.
(3) As for bicycles, the proposed method can reduce the delay in the case of high traffic demand and keep its original level in the case of low traffic demand.
Note that, there are some thresholds for the practical application of the design.
First, according to the sensitivity analyses, from the point of operational efficiency, the proposed design begins to reflect its advantage when the percentage of through vehicles is more than 40%. Second, the application of the proposed design is on the basis that there is enough space to set the displaced left-turn bicycle lane, which can be achieved by narrowing the existing bicycle lanes at the roadside, which is possible because the left-turn cycling traffic will take another lane, or by widening the road slightly. Third, the proposed design does not deal with the conflicts between left-turning traffic (vehicles and bicycles) and pedestrians. To relieve the conflicts, the green of the left turn can start a little latter or end a little earlier than the through movement to provide the pedestrians a protected crossing time. To ensure the safety, adequate traffic barricades and colored pavements should be added for the left-turn bicycle lanes. The safety performance estimation and quantitative crash risk evaluation should be carefully studied before the proposed design is perfected and implemented in the field, which is the direction of our future study. 
